This study investigated the physicochemical, rheological and textural properties of nine types of honey from different regions of southern Tunisia. Principal component and cluster analyses were used to classify the honeys into groups. The physicochemical results (water, proteins, total soluble solids, pH, free acidity, water activity, electrical conductivity, invertase activity, Hydroxymethylfurfural (HMF), vitamin C, lycopene and anthocyanins) were in accordance with those of the standards Established by the Codex Alimentarius. The invertase activity varied from 62.58 units/kg to 110.24 units/kg. The HMF values of the different types of honey ranged from 11.48 mg/kg in prickly pear honey to 25.56mg/kg in heather honey. Anthocyanin contents, lycopene and vitamin C contents ranged between 8.38 and 24.86 μg/L, 1.08 to 6.17 mg/kg and 30.71 to 129.38 mg/kg, respectively. The flow test confirmed the Newtonian behavior of all honeys, and their textural properties had very high extrusion forces varying from 113.50 g to 131.05 g. Cluster analysis (CA) and the biplot generated through PCA recognized four groups of honeys based on either the physicochemical parameters or textural attributes and only three groups based on color and sugar.
Introduction
Honey made by the bees of the Apis mellifera species from the nectar of the flowers as well as from the honeydew has accompanied man as an invaluable remedy since ancient times. [1] Honey is a highly concentrated sugar solution, namely fructose and glucose. It also contains a wide range of minor compounds such as minerals, proteins, vitamins, organic acids, flavonoids, carotenoids. [2, 3] In Tunisia, beekeeping has drawn the attention of both decision-makers and producers for economic reasons. Currently, there are 12000 beekeepers with 310000 beehives producing on average 1750T of honey per year. [4] Honey has always been of much virtue in traditional medicine, through its use mainly in wound healing and bowel disease. [5, 6] Honeys have gained their merits owing to their antioxidant and antimicrobial properties. [7] [8] [9] [10] [11] [12] [13] [14] Such properties are useful for the treatment of burns, gastrointestinal disorders, asthma, skin injuries and ulcers as well as many other therapeutic uses. [15] [16] [17] In a diversified melliferous flora, the distinction between the different honeys is made according to their composition which is directly dependent on the origin of nectar and honeydew, climate, environmental conditions and apiculture practice. [18] To avoid adulteration and preserve the quality of honeys, a number of analytical methods have been standardized by the International Honey Commission created in 1990. [19] Examples of these physicochemical parameters are moisture, reducing sugar, pH, acidity, electrical conductivity, HMF and enzyme activities, [20] which are used as criteria for determining the quality of honey. [21] [22] [23] [24] [25] To the best of our knowledge, the literature lack sin-depth studies on the quality of Tunisian southern honeys, namely sulla honey, heather, caraway, alfalfa, thistle, prickly pear, jujube, carob and almond tree, and their textural properties. The purpose of this work is therefore to characterize them in terms of physico-chemical, rheological and textural properties and to classify them based on some of these properties.
Materials and methods

Sampling
Nine samples of honeys were collected in 2015 from different regions of southern Tunisia. Details on the names and origin of the samples are given in Table 1 . The samples were stored in sterile glass vials, hermetically sealed and kept at room temperature (20°C)in order to protect the bioactive compounds from degradation caused by heat and light. [26] The botanical origin of the samples was determined using techniques described before. [27] For floral identification, 5 g of diluted honey sample was centrifuged at 10,000 rpm for 15 min, to separate the pollens. Samples of separated pollen grains were spread with the help of a brush on a slide containing a drop of lactophenol. The slides were examined microscopically at 45×, using a bright-field microscope (Olympus, Tokyo).
Determination of physicochemical parameters
Free acidity was determined using the AOAC method. [28] pH was determined a Mettler Toledo (California.USA) pH meter, calibrated with buffer solutions at 3.7 and 9 pH values. In a 250-ml beaker, 10 g of honey was dissolved in 75 ml of distilled water at a temperature of about 80°C. The pH-meter electrodes were immersed in the honey solution. After pH reading, the solution is titrated with 0.1M sodium hydroxide solution to a pH value of 8.3.The water content was determined according to the Bogdanov's method [29] using a Carl Zeiss 16531 refractometer at 20°C. The corresponding water value was calculated according to the honey refractive index, referring to a standard reference table, while making the adjustment when needed. The determination of water activity (aw) was realized at 25 ± 0.02°C using an Aqua-Lab activity meter (Aqua-Lab CX2T, Decagon Devices, USA).
The electrical conductivity (EC) of a 20% (w/v) honey solution (dry matter) in ultrapure water was detected at 20°C, using a Consort conductivity meter, (Consort C830, Belgium). The EC measurement of a honey solution of 20 g dry matter in 100 mL of distilled water was conducted using an EC meter, based on the measurement of electrical resistance. The result is expressed in milli-siemens per centimeter ppm (mS.cm-1). The measurement method is described by Bogdanov et al. [29] The hydroxymethylfurfural analysis was determined according tothe International Honey Commission. [19] It was performed in a clear aqueous solution filtered with honey using a reversephase HPLC (Shimatzu, Tokyo, Japan) equipped with a UV detector, Column: C 18 grafted silica and a mobile phase: Water-methanol (90, 10: V/V). The signal was compared with the known concentration standards.
The determination of the analysis of the invertase activity followedthe International Honey Commission. [19] P-Nitrophenyl-α-D-Glucopyranoside (pNPG) was used as a substrate for determining the sucrase number in honey, and divided into glucose and p-nitrophenol by α-glucosidase (invertase-sucrase). By adjusting the pH to 9.5, the enzymatic reaction was stopped and, at the same time, the nitrophenol was converted into the nitrophenolate anion. The latter corresponds to the sum of the substrate that was converted and determined by spectrophotometric reading at 400 nm. Five grams of honey were dissolved in a buffer solution, then the mixture was completed to the volume of 25 ml. Subsequently, 5 mL of the substrate solution was poured into a test tube and immersed in a 40°C water bath for 5 min. A volume of 0.5 mL of the honey solution was added in the tube and mixed moderately after starting the stopwatch. After exactly 20 min, 0.5 ml of the inhibition solution was added, and then the solution was mixed again. Afterwards, a blank test was concurrently prepared under the same conditions but with the addition of the 0.5 mL of the honey solution at the end. The reading was undertaken at 400 nm after cooling the solution, without exceeding 15-min time. The results are expressed in international units (IU).
The sugar composition was determined by HPLC (Shimadzu, Tokyo, Japan) according to the method described by AOAC (1990) (HPLC/RID AOAC, 1990: 980-13/982-14). The separation of sugars was carried out on a column of NH 2 grafted silica, followed by a detection by differential refractometer (RID). Concentrations are calculated using the standard curve of four concentrations for each sugar type.
The proteins were analyzed according to the Kjeldahl method. The nitrogenous matter found in the test sample was mineralized by the action of concentrated sulfuric acid in the presence of a catalyst under the action of heat according to the AOAC method. [30] Nitrogen is liberated in the form of ammonia, which in the presence of sulfuric acid, is present as ammonium sulphate. An excess of soda neutralizes the sulfuric acid and releases the ammonia that is carried by distillation into a solution of boric acid. The ammonia found in the distillate is measured with H 2 SO 4 in the presence of a colored indicator. The protein content is obtained by multiplying the nitrogen content by 6.25.
Lycopene determination followed the method of Benakmoun et al. [31] An amount of 0.1 g of the honey was introduced into 10 ml of hexane-acetone-ethanol (50/50/1). The mixture was stirred for 10 minutes and then centrifuged at 5000 rpm for 15 minutes. The organic phase was extracted and then diluted with 10 ml of hexane, and a sample of the organic phase was placed in a tank. The absorbance was measured at 472 nm.
The total monomeric anthocyanin concentration was determined by spectrophotometry Mettler Toledo (California, USA) using the differential pH method. [32] The samples were diluted with an aqueous buffer solution of pH 1 and 4.5. The absorbance measurements were taken at visible maximum wavelengths of the mixture (520 nm) and at (700 nm). The absorbance of the diluted sample solution was then calculated according to the following formula:
The total monomeric anthocyanin concentration (mg/L) is calculated as follows Total anthocyanin monomer (mg/L) = 
Ascorbic acid content
The ascorbic acid content was determined by the method described by Ferreira et al. [33] In fact, a mass of 100 mg of the sample was mixed with 10 mL of metaphosphoric acid (1%) followed by an incubation for 45 min at room temperature. The solution was filtered through a filter paper of the Whatman No. 4 type. The filtrate (1 ml) was mixed with 9 ml of 2,6-dichlorophenolindophenol (0.005%) and the absorbance was measured at 515 nm for 30 minutes against a blank test. The ascorbic acid content was calculated based on a calibration curve for authentic L-ascorbic acid (50, 100, 200 and 400 μg/mL, Y = 3.253X −0.0703, R 2 = 0, 9440), and the results are expressed in mg of ascorbic acid/kg of honey.
Color analysis
The color parameters (L, a and b) were determined by a colorimeter (CR-300, Minolta, Japan). Concerning L *that is the brightness parameter; it ranges from 0 (black) to 100 (white). As for a* parameter, it represents a shade of color between red and green with values ranging from −60 to + 60. With respect to b * axis, it represents a shade of color between yellow and blue with values ranging from −60 to + 60.
Rheological behavior
The rheological properties were measured using a rotational Rheolab-MC1 Rheometer (Physica, Germany) with a coaxial cylinder system (cone diameter was 15.18 mm and a diameter interval of 14.00 mm between the Cone and plate). The honey samples were heated to a temperature of 50°C for at least three hours to dissolve the crystals. Then, the samples were placed in the -measuring element of the rheometer and thermostat to reach the desired temperature. The measurements were conducted in the shear rate range from 0.001 to 100 s −1 at a constant temperature (25°C). In short, the measurement began immediately after 1 mL of honey was placed between the conical probe and the plate by recording a total of 50 points in 120 seconds. Each measurement was done in two triplicates on the same sample. The shear stress was determined as a function of the shear rate.
Instrumental texture analysis
The honey was transferred to a glass cell (70 mm in diameter and 80 mm in height). The backextrusion test was measured using Texture Analyzer (Stable Micro Systems, Ltd., United Kingdom) equipped with a 50-N force sensor at ambient temperature (20°C) and controlled by an Expert TextureV1.22 software. The samples were subjected to compression using an aluminum cylinder probe of 50 mm in diameter at a speed of 0.50 mm/s for a distance of 15 mm. The textural parameters were detected from each force according to the displacement of the curve: maximum extrusion force (F max ), extrusion work, cohesiveness and resilience. Each preparation was repeated in triplicate.
Statistical analysis
The statistical analysis was performed using one way analysis of variance (ANOVA) followed by Duncan's test for means comparisons and a p-value of less than 0.05 was considered significant. The mean values of all parameters were determined according to the number of honeys samples and were repeated in triplicate. All statistical analyses were performed using SPSS (SPSS Inc., Chicago, IL), version 18.0.Principal Components Analysis (PCA) was performed using XLSTAT software, version 2008. Cluster Analysis was used to classify honeys with similar characteristics that are more similar to each other. Table 1 displays the floral origin of the honey samples observed by optic microscopy. The results revealed that all studied honey samples were supposed as monofloral honeys. [27] Interestingly, carob honeys posses the highest value of pollen percentage (63.40%) followed by those of prickly pear honeys (61.64%). However, the lowest pollen percentages were observed in alfalfa and caraway honeys from Gabes and Kairouan regions, respectively. Moreover, Erica sp pollen at 55.70%, present the major pollen in heather honeys collected from Medenine regions. Similarly, almond and sulla honeys present 59.30% (prunus dulcis) and 59.02% (sulla coronaria) of total pollen collected from Sfax and Tozeur, respectively. Finally, jujuba and thistle honeys were 58.70% (Rhamnus) and 60.02% (Carduus rutans) of total pollen, respectively. Table 2 lists the values of the physicochemical parameters of the nine tested honeys. The water content is a very important factor because it does not only allow the estimation of the maturity degree of the honey, but also provides information on its stability against fermentation and crystallization during storage. [28] The values of the water content of the analyzed honeys varied between 12.93 and 17.23%. The statistical analyses showed that there was no significant difference between alfalfa and prickly pear honeys as well as between Caraway and sulla honeys (P > 0.05).On the other hand, heather honey had a significantly (P < 0.05) lower water content than the other tested honeys. These findings are in accordance with those found by Escuredo et al. [21] A negative correlation between water content and activation energy (r = −0.724, P < 0.01) was also noted.
Results and discussion
Melissopalynological results
Physicochemical properties
The protein content of honey from southern Tunisia ranged from 0.075 to 0.15g/100g, with the highest value found in jujube honey; a variation that is likely to be due to the floral type. Indeed, a significant difference between jujube and thistle honey in terms of protein content (P < 0.05) was observed. Although proteins and amino acids in honey are attributed to both animal and plant sources, including salivary gland fluids, nectar secretions and bee pharynx, and the pollen are the main source of protein. [17] pH is an important parameter during honey extraction and storage, which affects its texture, stability and shelf life. [29] pH values of Tunisian honeys ranged from 3.45 to 4.63 ( Table 1 ). The statistical analyses showed no significant difference between the pH of thistle, alfalfa, and prickly pears as well as that of the caraway, jujube, carob and sulla honey (p > 0.05). Nevertheless, there is a significant difference between the pH of heather and almond honey (P < 0.05). A strong positive correlation between pH and luminosity L * (r = 0.944, P < 0.01) was obtained.
The values of the free acidity of southern Tunisian honey have shown highly significant differences between the samples (p < 0.05). These variations are observed in terms of geographic region and floral origin. [34] The free acidity of honey varied from 13.37 to 20.21 meq/kg honey with carob and sulla honeys having the highest values and heather honey the lowest one (13. [29, [35] [36] [37] The water activity values of Tunisian honeys ranged from 0.57 to 0.62, indicating significant differences between the honey samples (P > 0.05). These values are in accordance with those reported by many previous studies. [34, 38, 39] Low water activity values indicate good stability of honey samples, and had an influence on the extraction of honey and storage conditions, as well as its texture, stability and shelf life. [34] The honey's apparent viscosity results showed that all tested honey samples were significantly different (P < 0.05), and ranged from 40.59 in Jujube to 167.5 Pa.s in heather honeys. Our findings are in the same range of Galician honeys (9.9 Pa.s to 200 Pa.s). [40, 41] The values of the apparent viscosity of the honey depend on its water content, chemical composition and storage temperature. [42] [43] [44] [45] [46] A positive correlation was also found between the viscosity and the activation energy (Ea) (r = 0.804, P < 0.01).
The electrical conductivity of the Tunisian honeys ranged from 0.31 to 0.59 mScm −1 . The statistical analyses showed that there was no significant difference between carob, thistle and sulla honey at (P > 0.05) and between heather, prickly pear, jujube and almond honeys at (P > 0.05). Nevertheless, a significant difference between alfalfa and caraway honeys (P < 0.05) was observed. Actually, alfalfa honey showed a higher electrical conductivity value (0.59 mS cm-1), compared to the other tested honey. These results agree well with those found by previous studies carried out by. [29, 47, 48] Hydroxymethylfurfural is a fructose degradation sugar, naturally present in all honeys as traces at harvesting. [49, 50] This content increases with the honey heating and aging. [50] In the present study, HMF contents of Tunisian honeys ranged from 11.48 to 25.55 mg/kg. Indeed, the highest concentration in HMF was detected in heather honeys followed by alfalfa and caraway. The statistical analyses showed no significant differences between prickly pear, jujube and thistle honeys, between heather and alfalfa honey, and between almond, sulla and carob honeys (P > 0.05). However, there was a significant difference between heather, caraway and almond honeys. All honey samples had a lower HMF value than the mentioned limit and no honey had values greater than 40 mg/kg. Several factors, such as storage conditions and floral sources, influence the HMF formation. [34, 49, 51] Similarly, it is well known that heating honey results in the HMF formation, produced during the catalyzed dehydration of the hexose acid, as fructose and glucose. [52, 53] The activity of invertase is a freshness indicator, whose level depends on geographical and floral origins. [54, 55] The values of invertase activity varied from 62.58 to 145.37 units/kg ( Table 2 ). The statistical analysis showed that the invertase activity differs significantly (p < 0.05) between the different honeys. These results are consistent with those reported by other studies, [56] [57] [58] which evaluated the activity of invertase in nectar honeys. Invertase is a natural honey enzyme that is commonly used as a determining factor of honey freshness, whose level decreases with honey heating and aging. [59] It is worthwhile to mention is that the statistical study showed a positive correlation (r = 0.730, P < 0.01) between the activity of invertase and lycopene. Table 2 shows the anthocyanin and lycopene contents in the different honey samples. Anthocyanin values ranged from 8.38 to 24.86 μg/kg and the highest value was found in alfalfa honey followed by that of prickly pear. These results show a significant variation between the examined honeys (P < 0.05), in agreement with those reported by Alqarni, et al. [60] The lycopene content showed a significant difference between the samples (P < 0.05) and ranged between 1.08 carob honey and 6.17 mg/kg for caraway honey. These values were consistent with those reported by Ferreira et al. [33] The ascorbic acid content in the southern Tunisian honeys ranged from 30.71 to 129.38 mg/kg. While the lowest value was recorded in the almond honey, the highest was found in the prickly pear honey. These results are low compared to those reported by Moniruzzman et al. and Ferreira et al. [33, 61] In fact, a study by Wang et al. [62] has reported that the concentration of vitamin C is probably influenced by the extraction mode and the preservation method.
Principal component analysis and cluster analysis
The results of the physicochemical parameters (pH, acidity, water content, water activity, etc.) of the monofloral honeys of Tunisian origin were subjected to a principal component analysis F1 (33.59%) and F2 (23.79%), only explaining 57.35% of the total variance (Figure 1) . The loading-plot analysis showed that the axis of the first main component (F1) was positively correlated with pH, free acidity, total soluble solids content, electrical conductivity, viscosity, while the HMF were negatively correlated with water content, protein content, water activity, vitamin C content, lycopene, activity of invertase and anthocyanin. The axis of the second main component (F2) was found to be positively correlated with water content, electrical conductivity, water activity, vitamin C content, anthocyanin, whereas the HMF contents were negatively correlated with pH, total soluble solids content, acidity, protein content, viscosity, lycopene and activity of invertase.
By examining the plot score of the Figure 1 and cluster analysis of the Figure 2 , the honeys samples were divided into four groups. Concerning the first group, it is composed of the alfalfa, caraway, heather, thistle and types, which is positively correlated with electrical conductivity, anthocyanin, total soluble solids content and HMF. As for the second group, it is composed of jujube honey, which is negatively correlated with enzymatic activity, protein content, water content, water activity, and vitamin C content. With respect to the third group, it comprises carob honey, which is correlated with the activity of invertase and lycopene. Finally, the fourth group is made up of prickly pear honey and is negatively correlated with enzymatic activity, protein content, water content, water activity, and vitamin C content.
Color parameters
Color is the physical property that is immediately perceived by the consumer. It is a useful criterion for the classification of monofloral honeys. The color parameters of the Tunisian honeys are illustrated in Table 3 . The luminosity values L * were significantly different from one honey sample to another (P˂0,05) and varied from 25.42 to 63.19. The lowest luminosity values were observed in alfalfa and thistle honey with 25.42 and 25.58, respectively. While the green color parameter (-a*) was present in heather honey, while thistle showed the highest value of the reddish (+a*) color parameter followed by the alfalfa honey. The values of the reddish color parameter (+a*) showed great variability in the different honey samples. Thus, the lowest value (2.71) was noted in heather honey and the highest value (10.75) in thistle honey. The yellow color parameter (+b*) showed also a great variation with values of b* varying between 16.29 and 42.97, corresponding to jujube and almond honeys, respectively. [63] Biochemical characteristics
Sugar composition
The composition in sugars, which depends mainly on the floral and geographical origins, may contribute to the distinction of monofloral honeys. [64] However, many authors have affirmed that the composition in sugars alone is not sufficient to distinguish honey. [61] The results of the sugar composition of the studied honeys are summarized in Table 4 . Four sugars were identified, namely fructose, glucose, sucrose and maltose in the monofloral honeys of Tunisian origin. The results substantiate that all honey samples contain fructose and glucose, with values varying from 34.33 to 38.18% and 30.38 to 35.51%, respectively. Moreover, the different honeys exhibited significant differences in terms of glucose and fructose concentration (P˂ 0.05), in agreement with Mateo and Bosch-Reig, Fuente et al., Devillers et al. [22, 65, 66] A high content of fructose was detected in thistle honey, whereas the lowest value was noted in almond honey.
In addition, prickly pear honey has a significantly higher content of sugars than the other honeys (P < 0.05), which is in good agreement with the findings of Manzoor et al. [67] The total glucose and fructose content varied between 64.71% and 73.69%, exceeding 60 g/100 g of honey, which is in conformity with the 110/2001 Directive of the European Community. Sucrose and maltose were at low levels in all samples and varied from 2.28 to 4.48% and 0.00 to 3.99%, respectively Similar results were reported in previous researches. [35, 65] Our results clearly confirms that Tunisian honeys are similar to those of Spanish, Australian and Moroccan origin. [68] It is well known that to clarify the crystallization potential of honey, it is requisite to identify the sugars and glucose/water and fructose/glucose ratios. [69] Besides, all examined honey samples of the southern Tunisia were in the liquid state and the fructose/glucose ratio was superior to 1. [70] Figure 2. Cluster analysis of the physicochemical properties of southern Tunisian honeys. 
Principal component analysis and cluster analysis
The results of the color parameters and the obtained sugars in the 9 types of monofloral honeys of Tunisian origin were subjected to a principal component analysis F1 (40.01%) and F2 (24.40%), (64.41%) of the total variance. The loading-plot analysis showed that the axis of the first main component (F1) is positively correlated with L* and b*, and negatively correlated with fructose, glucose, sucrose, maltose and parameter a*. The axis of the second main component (F2) is positively correlated with fructose, glucose, maltose, reducing sugar and a*, L* and b*, and negatively correlated with sucrose. By examining the plot score of Figure 3 and cluster analysis of Figure 4 , the studied honeys samples were divided into only three groups. The first group, it is formed by the almond type, which is positively correlated with the parameter L* and b*. The second group is comprised by caraway, heather, carob, jujube, prickly pear, thistle, sulla honeys, and are negatively correlated with maltose and fructose. The third group is composed of alfalfa honey, and is negatively correlated with glucose and a* parameter.
Rheological properties
The shear stress evolution was monitored as a function of the shear rate of monofloral honeys of Tunisian origin, with shear rates varying from 0.001 to 100 s −1. Flow curves were obtained for each type of honey (heather, alfalfa, thistle, sulla, jujube, almond, carob, prickly pear and caraway). Figure 7 shows that all tested honey samples exhibit Newtonian behavior at shear rates ranging from 0.001 to 100 s −1 at 25°C. Hence, a linear relationship exists between the shear stress and the shear rate, which is in accordance with Newton's law given by the following equation:
Where σ is the shear stress (Pa), _ γ is the shear rate s −1 and μ is the apparent viscosity of the honey (Pas). The viscosity values at 25°C may be obtained from the curve using the slope of the line formed by the shear stress as a function of the shear rate. The lowest viscosity was exhibited by the jujube honey, and the highest by almond honey. The honey viscosity depends on its water content, its origin and its chemical composition. [64, 71] The results of this study are in accordance with those reported by several researchers. [72, 73] but in contradiction with Juszczak and Fortuna [74] and Dobre et al. [64] who reported a non-Newtonian behavior for heather honey and rapeseed honey respectively.
Effect of temperature on the viscosity of honeys
The results of the apparent viscosity as a function of honey temperature are also studied. Thus, the shear viscosity was found to decrease with the increase in the heating temperature from 25 to 70°C. The same letters in the same column indicate that the difference is not significant at (P > 0.05). Furthermore, the viscosity of all Tunisian honey samples showed an exponential decrease with the increase in temperature, but the latter did not affect the Newtonian behavior. It is worthy to mention that while the greatest variation in viscosity between the different types of honey was observed at 25°C, the smallest ones were noted at temperatures equal to 55 and 70°C. These findings are in agreement with honeys from Australian. [43, 45] The decrease in the honey viscosity can be attributed to the high thermal movement of molecules, which lead to a reduction in the intermolecular forces, making the flow more easily and subsequently reducing the viscosity. This phenomenon is consistent with those found in the literature. [45, 73, 75] The effect of temperature on the honeys' viscosity was evaluated by applying the Arrhenius law described by the following expression:
Where, µ: apparent viscosity (Pas); A: viscosity coefficient independent of temperature (Pas); E a : activation energy (J/mol); R: ideal gas constant (8.32J/mol°°K); T: absolute temperature (°K). By applying the natural logarithm on the last expression, the following equation is obtained:
The activation energy (Ea) can be used to measure the sensitivity of apparent viscosity to the temperature changes, and can be determined from the slope Ln μ as a function of 1/T after linearization. Generally, the higher activation energy value reflects the stability of the honeys viscosity. As shown in Table 5 , the activation energy (E a ) values ranged from 31.75 to 70.99 kJ/mol, with the highest value found in almond honey (P < 0.05) followed by heather, sulla, carob, alfalfa, caraway, prickly pear, thistle and finally jujube (P < 0.05). Moreover, Cohen and Weihs [75] have reported that the activation energy (Ea) is composition-dependent, and it decreases linearly with the increase in moisture content. As previously reported, the individual mono-di-trisaccharides content is another factor that is as important as the activation energy (Ea). [40, 42, 73, 75] 
Textural analyses
The measurements of the various textural parameters of the honeys are summarized in Table 6 . The values of the extrusion force varied from 113.5 to 131 g with that of caraway honey was significantly higher (P < 0.05) than that of the other analyzed honeys. For the extrusion work or consistency, the mean values were very high varying between 695.63 to 869.06gs, with caraway honey having the highest value. The resilience mean values were very low ranging from 0 to 0.5, without any significant difference between the samples (P > 0.05).
Principal component analysis and cluster analysis
The results pertaining to the textural parameters obtained on the 9 monofloral honeys of Tunisian origin were subjected to a principal component analysis F1 (53.77%) and F2 0.915
The same letters in the same column indicate that the difference is not significant at (p > 0,05). The same letters in the same column denote the difference is not significant at (P > 0.05).
(21.83%), which only explain 75, 60% of the total variance ( Figure 5 ). The loading-plot showed that the axis of the first main component (F1) was positively correlated with the extrusion force, cohesiveness, extrusion work. It also revealed that the activation energy was negatively correlated with the resilience. The axis of the second main component (F2) was positively correlated with the extrusion force, resilience and activation energy and negatively correlated with extrusion work and cohesiveness. By examining the plot score of Figure 5 and cluster analysis of Figure 6 , honey samples are separated into only four groups. The first group is made up by heather, almond, sulla, carob, thistle and prickly pear. This group is correlated positively with the activation energy and resilience. The second group is formed by jujube honey, and is not correlated with the different parameters. The third group consists of alfalfa honey and is positively correlated with the extrusion force. The fourth groups comprise alfalfa and is positively correlated with the extrusion work and cohesiveness.
Conclusion
The present study determined the characteristics of 9 types of Tunisian honeys harvested from different regions. The results showed that all honeys meet the standards required by the Codex Alimentarius. All examined honey samples were found to have Newtonian behavior. The textural analyses showed that all tested samples had higher extrusion force values. Each of the analyzed parameters accurately indicates the quality of the honey. Thus, they can be classified into three groups: those determining maturity (water content), those indicating floral origin (electrical conductivity, pH) and those showing freshness (HMF and invertase activity). Cluster analysis did not give the same groups for the analysis of physicochemical, color, sugar and textural properties. Indeed, cluster analysis yielded four groups for physicochemical properties, three groups for color and sugar analysis, and four groups for textural analysis. However, this difference is probably due to the composition of the honey itself in turn depends on many factors, such as: the nature of the soil, the breed of bees and the physiological state of the colony. Other factors also affect the composition and nature of honey and its particularities such as: The floral origin of food; Environmental climate, the season of bee rearing and honey production; The mode of honey extraction; The duration and storage conditions, such as temperature and light, condition the activity of honey enzymes and their effectiveness. 
